Electromagnetic fields in a planar radio-frequency inductively coupled plasma source were measured using an inductive loop (B-dot) probe. The probe was oriented to measure the time derivative of the axial component of the magnetic field (b,). Using these measurements and Faraday's law, taking advantage of cylindrical symmetry, the time varying azimuthal electric field (E4) was calculated directly. Contour plots of j, and E, in the r-z plane show that the radio-frequency electromagnetic fields penetrate further into the plasma at lower gas pressure and lower rf power, corresponding to less effective shielding of the fields at lower plasma density. Estimates of skin depth from the axial decay of the field amplitudes near the axis of the discharge are consistent with values calculated from plasma parameters measured with Langmuir probes, confirming that near the axis the degree of shielding is most strongly dependent on the local plasma density. Near the conducting walls of the chamber, the skin depth calculations from the Langmuir probe data diverge from the B-dot probe data. B-dot probe measurements taken in the absence of plasma show that near the walls of the chamber the axial decay of the field amplitude is partly a geometrical effect in addition to a plasma shielding effect. 0 I995 American Institute of Physics.
I. INTRODUCTION
Planar radio-frequency inductively coupled plasma (ICP) sources, also known as radio-frequency inductive (RFI) and transformer coupled plasma (TCP) sources, are currently of interest for many industrial applications such as etching and deposition of thin films. A recent review article by Hopwood' outlines the state of the technology and applications. The importance of source characterization increases with increased use of ICP sources. Measurements of electromagnetic fields provide an important benchmark for simulations of ICP discharges, because of the difficulties of accurately accounting for the effects of all nearby conducting surfaces on the field. The measurements reported here were made in the same system under conditions identical to those for measurements of spatially resolved plasma parameters and optical emission reported elsewhere. [2] [3] [4] Previous characterization studies of planar ICP discharges in argon include Langmuir probe measurements of plasma parameters,2*4*5 spatially resolved optical emission3 and electromagnetic fields.6 These studies and several modelling efforts7-lo show an azimuthal rf electric field amplitude that is null on axis, increases radially to a maximum value under the antenna and then falls to zero at the radial boundary. Optical emission was found to peak in the region of peak electric field amplitude as energy coupling to the electrons is maximum there. The plasma density profile, however, seems to be governed by diffusion and peaks near the center of the discharge volume for the reactor geometry examined in this study.* The degree of shielding of the electromagnetic field can be expected to be sensitive to the local electron density and thus decrease with increasing radius. In addition, plasma density increases with pressure and power ') Electronic mail: meyer@engr.wisc.edu and, as a result, field penetration should decrease, with characteristic scale length given, for the conditions examined here, by the collisionless skin depth, 8,
where m, is the mass of an electron, h is the permeability of free space, e is the charge of an electron, and n, is the electron density.",'* It should be kept in mind the exponential decay associated with the definition of S assumes a uniform concentration of charge carriers. Because of the strong gradient in n, at the edge of the plasma volume where the field is the strongest, this definition is somewhat ambiguous and we may expect some deviation from an exponential axial variation in the field amplitudes.
In the current work, the time derivative of the axial component of the magnetic field, b,, was measured versus axial and radial position over a range of discharge pressures and powers in argon. By using BL rather than gr as measured by Hopwood et a1.,6 the azimuthal electric field, E&, may be calculated directly from Faraday's law without any approximations or knowledge of local plasma density, and as such should give a more accurate estimate of E+ .
II. EXPERIMENTAL APPARATUS AND DIAGNOSTICS
The planar ICP source used for these measurements is identical to that used in previous studies and has been described in detail elsewhere.2-4 Briefly, power from the four turn, 16.5 cm diameter, planar coil is coupled to the plasma through a radially spoked Faraday shield and a 1.27 cm quartz window. Gas is fed into the system through an annular gap around the edge of the quartz window. For our measurements, a liner was attached to the window flange to contain the plasma within a cylindrical volume. This grounded liner consisted of a 22.8 cm diameter by 13.7-cm-long metal cylinder with a circular end plate. The end plate had a 2.5 cm slot cut into it to facilitate probe measurements. The coil/gas feed/liner assembly was inserted into the end of a 35-cmdiameter by 6 l-cm-long vacuum chamber. The assembly was recessed into the chamber by a 12.5 cm vacuum well.
A magnetic induction (B-dot) probe13 was used to measure hi inside the cylindrical plasma volume. This probe consisted of a thin 50 0 coaxial cable with one end stripped to the inner conductor insulation. A loop in the inner conductor of 0.5 cm diameter was made and connected to the outer conductor to complete the circuit. This loop was bent 90" so that the normal of the loop area was parallel to the cable. For all the measurements reported here the loop was oriented with its axis parallel to the axis of symmetry of the ICP system, so that only the axial component of the field contributed to the signal. The cable was inserted into a ceramic shaft which was attached to a mechanical probe driver. The loop was insulated from the plasma by a ceramic cap over the loop and the end of the ceramic shaft. The mechanical probe driver consisted of a rack and pinion assembly on the end of a linear vacuum feed through. This enabled the probe to be positioned to within 1 mm both axially and radially in the chamber, without breaking vacuum. Measurements were made every 1 cm axially between 0.5 and 6 cm and every 2 cm radially between 0 and 10 cm. The signal was sent to an oscilloscope via a 50 0 terminated cable. All signal measurements reported here are peak-to-peak.
The voltage induced on the probe is given by V= -d@l dt, where Q is the magnetic flux through the loop. For a single loop probe, b is then -VIA, where A is the area of the probe. The magnitude of the magnetic field is given by B=blo, where o is 2rrX13.56 MHz=8.52X107 rad/s. As an example, in Figs. 1 and 2, a 10 000 T/s contour line corresponds to 1.17 X 1 Oe4 T. The electric field can be calculated by using the integral form of Faraday's law: p Ed,=-1 Z.dS.
(2) Using b:, and assuming cylindrical symmetry, the azimuthal electric field (EJ is then given by Ed(r) = t (3) where r and r' are the radial positions, as measured from the axis of the ICP system.
The calculation of i, assumes that coupling to the probe is purely inductive. Because of the high voltages on the antenna, there was a concern about coupling of quasistatic electric fields interfering with the induction field, although these field are reduced by the presence of the Faraday shield. The effects of the capacitively coupled electric field on the probe were found by rotating the probe to measure &, and positioning the probe on axis so that the magnetic field would be orthogonal to the probe area, but the capacitive electric field would still be strong. The signal on the probe was near zero, so we determined the capacitively coupled electric field did not affect the probe measurements. Figure 1 is a set of contour plots of bZ (peak-to-peak values) in the r-z plane for several r-f powers in 10 mTorr argon plasmas. Figure 2 is a set of contour plots of jZ in the r-z plane for several operating pressures in 200 W argon plasmas. Negative numbers on the plots indicate a reversal in the direction of the field. The magnetic field intensity decreases as one moves further into the plasma from the antenna. At the higher powers and pressures, the contours tend to flatten radially and have higher axial gradients.
Contours of E6 at different powers and pressures are shown in Figs. 3 and 4 , respectively. The peak to peak values of E, are calculated from the bZ data in Figs. 1 and 2 . We see, as expected, that the electric field amplitude rises from zero on axis to a maximum radially under the antenna and then falls toward zero at the radial boundary. However, the details of the spatial structure of the fields depend on the operating conditions. It can be seen that E+ is markedly reduced at axial positions beyond 3 cm at higher powers and pressures as the density increases. In Fig. 4 , it is apparent that the radial maximum in the electric field is moving outward as the pressure increases.
The distance an electromagnetic wave penetrates into a conductor is typically parameterized by the skin depth, the characteristic length scale for exponential decay. By estimating a skin depth for the ICP fields, we can quantify the degree to which they are being shielded by the plasma. However, there are two important differences between the situation examined here and the conditions under which the skin depth is defined. First, for the planar ICP system studied here, there is an axial variation of the fields even in the absence of a plasma, due to the geometry of the induction antenna. A second difference is that the derivation of the skin depth assumes wave propagation into a medium of uniform conductivity, where in this case the plasma conductivity (proportional to the electron density) varies dramatically in the relevant region. Some difficulty in inferring a skin depth from the data might be expected due to these deviations from ideal behavior. In fact, however, very good exponential fits to the data were obtained, perhaps partly because the two effects described have opposite effects on the axial dependence and for these purposes may counteract one another.
The skin depth for ICP fields is found by fitting the axial dependence of b, and E+ to exponentials:
where z is the axial position. At the positions where the skin depths were calculated for both h, and E,, an average was taken. Uncertainty occurs in the calculation of the skin depth when the data does not fit the exponential function well. Error bars were determined based on the residuals calculated from the fit. The skin depth on axis (r= 0 cm) versus rf power is shown in Fig. 5 . The skin depth varies inversely with r-f power. The skin depth on axis decreases with increasing operating pressure, as seen in Fig. 6. Figures 7 and 8 show the profiles of the skin depth across the radius of the device, and also includes values for fields measured in vacuum with 8 A 
. B-dot Power (W) FIG. 5 . The rf skin depth on axis vs rf power at 10 mTon The skin depths from B-dot probe data are compared to skin depths calculated from Langmuir probe density data taken at z = 4.4 cm.
of rf current in the antenna. It should be noted the good exponential fits to the axial variation of the field amplitudes even in the absence of a plasma are due to geometrical effects. In addition, the fact that the skin depths determined in the vacuum case are always higher than with a plasma demonstrates the shielding effect of the plasma.
IV. DISCUSSION
Peak plasma density (at the center of the discharge) increases both with increases in power and pressure.234,5 Two consequences of the shielding effect of the plasma on the electromagnetic field are illustrated in the contour plots. Both radial and axial changes in the spatial profiles of b, and E, with pressure and power can be partially attributed to corre- sponding changes in electron density, and therefore plasma conductivity. As electron density increases with both pressure and power, so does the plasma's ability to shield out the electromagnetic field. This results in an increased axial gradient in the field quantities with pressure and power, as seen in Figs. 5 and 6. However, because of radial variation in the plasma density as observed by Mahoney et al.,**4 the degree of shielding (axial field dependence) is also a function of the radial coordinate. Since the density is highest on axis, the shielding effect is greatest there. Furthermore, as the peak value of the density increases, so does the magnitude of the radial density gradient (&,/Jr) and thus we see increasingly more effective shielding on axis as compared to larger radii in Figs. 7 and 8 .
From the data in Ref. 4, it becomes apparent that although increasing pressure and increasing power both have the effect of increasing the peak plasma density, the two parameters have different effects on the radial density profile. To be specific, the densities in the higher pressure cases tend to be more sharply peaked on axis, falling off steadily toward the radial boundary, while the higher power cases show a flatter profile near the center. For example, 10 mTorr, 200 W and 20 mTorr, 100 W cases from Ref. 4 have peak densities that are very close (1.90X 10" cme3 and 1.87X10" cm-3, respectively), but at a radius of 7.5 cm, the difference in densities increased to 50%, with the stronger radial gradient in this region being in the 20 mTorr case. This results in relatively strong variation in the degree of shielding of the fields with radius for higher pressures rather than higher powers, as also reflected in the rf field data in Figs. 5 and 6.
The radial dependence of the skin depths computed from the density data in Ref. 4 using Eq. (1) are compared in Figs. 9 and 10 to values obtained from the rf field data. Because of the strong axial density gradient in the region of strong fields, there is some ambiguity in the choice of axial location at which to evaluate the density for this calculation. Thus, skin depths were calculated for densities measured at both --1.4 and ; = 4.4 cm. This axial range corresponds roughly cto that over which the rf field data were fit to an exponential, and gives a feel for the uncertainty. In all cases, the values of skin depth calculated from the density measured at z=4.4 cm are in good agreement with the rf field data from r=O out to I' = 6 cm. However, for radii larger than r= 6 cm, the axial decay of the rf fields is much more rapid than predicted by the density data. This discrepancy can be explained by the vacuum field data shown in Fig. 8 . For larger radii, the skin depth calculated from the density data is close to or larger than that obtained from the vacuum field data, due solely to the geometry of the antenna and chamber. This suggests that at larger radii, the shielding effect of the plasma on the field is relatively weak, so that the axial decay of the field is dominated by the geometrical effect. However, because the skin depths obtained from the fields when the plasma is present are always lower than the vacuum values, it seems that shielding still makes some contribution to the axial dependence of the field amplitude.
V. CONCLUSION Measurements of B, were made using a B-dot probe in a planar ICP plasma source at several axial and radial positions in the device for several powers and pressures. From these data, E+ at these positions, powers and pressures were calculated directly using Faraday's law. Both h, and E+ were analyzed and the rf skin depth was estimated using the axial decay of both field measurements. It was found that the rf shielding is reduced by both decreases in rf power and operating pressure, corresponding to decreases in the plasma density. Radial increases in the rf skin depth at radii close to the axis were found to correspond to radial gradients in the plasma density. Radial decreases in the rf skin depth at radii close to the wall were found to be due to geometrical effects.
